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Introduction
Hybrid nanocomposites made of polymer matrix and inorganic nanoparticles show great promise for optical, electronic, and magnetic device applications by offering functional properties arising collectively from both the host polymer and the nanoparticle fillers [1] [2] [3] [4] [5] [6] . Recently, ferroelectric polymers, especially poly(vinylidene fluoride) (PVDF) and its copolymer with trifluoroethylene P(VDF-TrFE), have emerged as potential candidates for dielectric layers in high-energy-density capacitors due to their large dielectric strength (E b ), high electric displacement density (D), and low dielectric loss [7] [8] [9] . The relatively low dielectric constant k (<10) and early saturation of the polarization P at electric fields well below E b in ferroelectric polymers limit the energy density of these capacitors, but it can be greatly improved by embedding oxide nanoparticles (TiO 2 , SrTiO 3 , BaTiO 3 , BaSrTiO 3 , etc) to increase the effective dielectric constant [4, [10] [11] [12] [13] [14] . The enhancement of dielectric properties is a complex function of the uniform distribution 0957-4484/11/405605+08$33.00 of nanoparticles and their interfacial interactions with the polymer matrix.
The requirement of high growth temperature for oxides ( 300 • C) as compared with the low melting and decomposition temperatures of polymers ( 200 • C) [15] [16] [17] [18] , however, necessitates a multi-step process for the fabrication of these dielectric layers. This technique involves a simple mixing of commercially available oxide nanoparticles of relatively large size (∼30-70 nm) into the polymers followed by a spin or dip coating, but it does not control the nanoparticle distribution well, leading to agglomeration and severe limits on concentration [4, [10] [11] [12] [13] [14] . These studies point toward the importance of finding suitable host polymers having hightemperature stability, which is highly desirable from the point of view of the fabrication process of oxide-polymer nanocomposites and improving the operating temperature of these nanocomposites-based devices. In this regard, vinylidene fluoride oligomer (VDFO) is an attractive ferroelectric material that is stable against decomposition to well over 300 • C, as compared to PVDF and its copolymers [19] [20] [21] .
Our recent work on plasma-condensation-type clusterdeposition has shown that TiO 2 nanoparticles having a mixture of anatase and rutile phases can be deposited at room temperature [22] . The unique advantage of the clusterdeposition method is that the growth, phase formation, and crystallization of nanoparticles occur in the gas phase, and thus it is feasible to functionalize or coat them with inorganic or organic layers [22, 23] . Note that the dielectric constant of TiO 2 increases from 40 to 100 on varying the phase from anatase to rutile [22, 24] . The growth of rutile-TiO 2 is, however, challenging due to the requirement for a high growth temperature as compared to anatase TiO 2 [15] [16] [17] [25] [26] [27] . The present study shows the following important observations: monodisperse TiO 2 nanoparticles having predominant rutile phase were produced without high-temperature heat treatment using the cluster-deposition method, and subsequently coated with ferroelectric VDFO using in situ thermal evaporation prior to deposition on suitable substrates (the latter being schematically illustrated in figure 1(a) ). The main advantage of this method as compared to the conventionally used wetchemical techniques is that the VDFO coatings prevent the nanoparticles from contacting each other and also act as a matrix. Note that this study demonstrates for the first time that VDFO is a promising material for use in nanocomposite dielectrics for high-energy-density capacitors.
Materials and methods
The procedure for fabricating thin films composed of bare TiO 2 and TiO 2 -VDFO nanocomposites, as depicted in figure 1 (a), is as follows. First, Ti nanoparticles were produced in a gas-aggregation chamber by an inert-gas condensation process described elsewhere [28] [29] [30] and simultaneously oxidized to form TiO 2 nanoparticles by well-controlled mixing of oxygen into the gas-aggregation chamber [22, 31] . In particular, the DC magnetron sputtering power (P dc ) was varied from 120 to 200 W to predominantly obtain the rutile TiO 2 phase in the present study, while keeping the flow rates of argon [FR (Ar)], helium [FR (He)], and oxygen [FR (O 2 )] at about 275, 100, and 50 sccm (standard cubic centimeters per minute), respectively. TiO 2 nanoparticles were then extracted from the gas-aggregation chamber as a well-focused cluster beam into a deposition chamber and collected on a substrate (substrate 2) kept at room temperature, as shown in figure 1(a). Prior to deposition, TiO 2 nanoparticles were coated with VDFO molecules by in situ condensation of VDFO vapors produced using thermal evaporation of bulk VDFO powder (obtained from Kunshan Hisense) in an evaporation chamber following the gas-aggregation chamber as shown in figure 1 (a).
The structure of VDFO, having the formula CF 3 -(VDF) n -I, consists of a finite length linear chain of VDF molecules, n-(CF 2 -CH 2 ), that is terminated on one end by a CF 3 molecule and on the other end by an iodine (I) atom as shown in figure 1 (b). The evaporation temperature of VDFO (T e ) was varied from 200 to 400 • C to change the thickness of the VDFO coating on TiO 2 nanoparticles, and therefore the relative volume fractions of TiO 2 and VDFO in the resulting nanocomposites. Pure VDFO films were also deposited at different T e in the absence of the TiO 2 cluster beam on the Si substrate (substrate 1) as shown in figure 1 (a).
The sample substrates were chosen according the intended measurement. Single crystalline Si (001) wafers were used for x-ray diffraction (XRD), which was carried out with a Rigaku D/Max-B diffractometer using Cu Kα (1.5418Å) wavelength x-rays. Carbon-coated copper grids were used for transmission electron microscopy (TEM), which was carried out using a JEOL model 2010 operated at an acceleration voltage of 200 kV and an operating pressure of approximately 10 −9 Torr with a resolution of approximately 1.9Å. The Si substrate was also used for field-emission scanning electron microscopy (FESEM) using a Hitachi S4700 with magnification up to 500 000× and resolution up to 1.2 nm. Parallel-plate capacitors with VDFO and TiO 2 -VDFO nanocomposite layers as the dielectric were fabricated on glass substrates with orthogonal striped top and bottom aluminum electrodes of thickness 100 nm and width 3 mm. The capacitance measurements were carried out on these capacitors using an impedance analyzer (HP 4192A) at 0.1 V amplitude.
Results and discussion
The average particle size, size-distribution, and phase of the TiO 2 nanoparticles were controlled during the gas-aggregation process by varying the gas flow rates and P dc , prior to coating them with VDFO layers. Our previous study indicates that the fractions of anatase and rutile phases having tetragonal lattice can be varied by changing the oxygen flow rates [22] . At P dc = 165 W, a mixture of anatase and rutile phases was observed for FR (O 2 ) = 40-50 sccm and an increase in FR (O 2 ) to 80 sccm led to predominant anatase phase [22] . In the present study, we have improved the fraction of rutile phase in TiO 2 nanoparticles to be predominant by keeping FR (O 2 ) at 50 sccm and varying P dc from 120 to 200 W as shown in figure 2(a). TiO 2 nanoparticles deposited at P dc = 120 W show a predominant anatase-TiO 2 phase along with weak diffraction peaks corresponding to the rutile-TiO 2 phase (curve (i) in figure 2(a)). On increasing the power to P dc = 150 W, the intensity of diffraction peaks corresponding to the anatase phase decreases and that of the rutile phase increases as clearly seen in curve (ii) of figure 2(a). For P dc = 200 W, TiO 2 nanoparticles have a predominant rutile phase, and near the diffraction peak corresponding to the (110) reflection of the rutile phase is seen the weaker (101) reflection from the anatase phase (curve iii figure 2(a)). Note that these uncoated TiO 2 nanoparticle samples were deposited on single crystalline Si(001) wafers (substrate 2 in figure 1(a)) in the absence of VDFO coating and a diffraction peak corresponding to (002) reflection is selectively present in the XRD patterns of these samples. In the case of the powder diffraction experiment set up in Bragg-Brentano geometry, (002) reflection of Si is forbidden. This (002) peak could be observed from the single crystalline Si substrates, when mounted at certain azimuthal rotation angles (128 different angles in a full 360 • scan). In brief, a slight variation in azimuthal angle strongly decides the absence or presence of the (002) reflection of the single crystalline Si substrate and its peak width [32] . Note that diffraction from polycrystalline samples deposited on an Si substrate, for example TiO 2 nanoparticles in the present study, is independent of this azimuthal orientation.
As already mentioned, the rutile TiO 2 phase requires a high growth temperature as compared to anatase TiO 2 [25] [26] [27] . For example, wet-chemical techniques yield only amorphous TiO 2 nanoparticles and subsequent annealing at 200 • C results in anatase-TiO 2 nanoparticles [25, 26] . A high annealing temperature of above 550 • C is, however, required for the transformation of anatase to the rutile phase [27] . In the present study, predominant rutile phase was directly obtained in TiO 2 nanoparticles by varying P dc without subsequent thermal annealing. The oxidation of aggregating Ti nanoparticles is promoted by the oxygen feeding into the gas-aggregation chamber and thermal energy gained from the sputtered Ti atoms and inert-gas ions. Thus, with a high P dc of 200 W and a favorable FR (O 2 ) of 50 sccm, Ti nanoparticles get sufficient energy for oxidation to form the rutile TiO 2 phase. In addition, the TEM image ( figure 2(b) ) and the corresponding particle size histogram (inset of figure 2(b)) of rutile TiO 2 nanoparticles deposited at P dc = 200 W yield an average particle size of d = 14.4 nm with a narrow size-distribution characterized by an rms standard deviation of σ/d = 0.15. Generally, the σ/d value of the cluster-deposited nanoparticles depends on the gas-aggregation temperature, gas flow rates, sputtering power, and material systems. Our previous studies reveal that clusterdeposited Ti and TiO 2 nanoparticles produced at P dc = 165 W show σ/d 0.1 [22] . The higher σ/d of about 0.15 observed in the present study is probably due to the high P dc of 200 W. In brief, XRD and TEM results reveal that TiO 2 nanoparticles deposited at P dc = 200 W are predominantly rutile phase with a narrow size distribution.
We have also deposited pure VDFO films (in the absence of TiO 2 cluster beam) on Si substrates (substrate 1 in figure 1(a)) kept at ambient temperatures above the evaporation source in the evaporation chamber, as shown in figure 1(a) , and studied their structural and dielectric properties. This investigation allowed us to calibrate the layer thickness and optimize the crystal structure of the VDFO coatings that would be deposited on TiO 2 nanoparticles. It was observed that VDFO evaporated with a high deposition rate (R e ), without decomposition of the oligomer, at evaporation temperatures (T e ) ranging from 100 to 400 • C. For example, at working pressures of 10 −4 Torr, VDFO evaporates at T e = 60 • C with R e = 0.02 nm s −1 . R e increases to 12 nm s −1 at T e = 120 • C and reaches 60 nm s −1 at T e = 200 • C as shown in figure 3 (a). Further elevation of T e above 200 • C results in a rapid increase of R e beyond 99.9 nm s −1 and this is the maximum limit that can be measured using a quartz crystal thickness monitor. A high evaporation rate in the range of several tens of nanometers as observed in the present study is desirable to coat TiO 2 nanoparticles with a reasonable VDFO thickness while nanoparticles pass through the evaporation chamber. For example, a paraffin shell thickness of 2-3.5 nm was obtained in the case of TiO 2 -paraffin nanoparticles at similar range of R e of paraffin and was shown to result in effective modification of their dielectric properties [22] .
The crystal structure of the bulk VDFO powder and VDFO thin films made by vacuum evaporation was determined by x-ray diffraction (XRD), as shown in figure 3(b) . Note that the Si(002) peak is also selectively present in TiO 2 -VDFO nanocomposites and this is again caused by slight variations in the azimuthal angles upon mounting the samples for xray diffraction, as explained earlier [32] . Generally, VDFO crystallize into orthorhombic structure (ferroelectric polar phase known as form I) or monoclinic/pseudo-orthorhombic structure (non-polar phase known as Form II) [19] [20] [21] [35] [36] [37] [38] [39] . The maximum-intensity XRD peak of both the polar and nonpolar phases corresponds to (110) reflections that appear in the lower angle region (2θ = 15 • -32 • ) and their standard peak positions are very close to each other, as marked by the red-solid and blue-dotted vertical lines in figure 3(b) , respectively [35, 36] . As shown in figure 3(b) , XRD patterns of the VDFO powder (curve i) and VDFO thin films (curves ii-vi) show an intense diffraction peak in the lower angle region, which is in good agreement with the standard peak position of (110) reflection corresponding to the polar phase (form I) [19-21, 35, 36] . Note that the broadness and asymmetric nature of this peak, however, possibly indicate a very weak presence of (110) peak of the non-polar phase. In addition, a distinct diffraction peak corresponding to (020) reflection of the non-polar phase (form II) was also observed in the low angle region as shown in figure 3 . In the case of VDFO thin films, the relative intensity of (110) of the polar phase and (020) of the non-polar phase varies on changing T e (curves iivi in figure 3(b) ), revealing the changes in the fractions of polar and non-polar phases. For example, the XRD pattern of the VDFO film prepared at intermediate temperatures (T e = 170 and 200 • C) shows only a broad peak at the lower angle region, which clearly seems to be a combination of the (110) peak of the polar phase and the relatively intense (020) peak of the nonpolar phase (curves ii and iii), whereas the (110) peak becomes sharp and intense as compared to the (020) peak at intermediate temperatures (T e = 250 and 300 • C), as shown in curves iv and v of figure 3(b) , respectively. The film deposited at high T e = 400 • C, however, shows again the predominant intense (020) reflection of the non-polar phase (curve vi).
In addition to the diffraction peaks observed in the lower angle region, a few diffraction peaks corresponding to the polar phase were also observed in the higher angle region (2θ = 34 • -45 • ) as indexed in figure 3(b) . These higher angle diffraction peaks of VDFO were observed to be broad and to show a shift toward the lower angle side as compared to the standard peak position of the corresponding reflections of pure PVDF. The peak broadness and shift is expected in the PVDF based copolymers and oligomers on increasing the TrFE or fluorine content due to lattice expansion, and a collective effect of the decrease in crystallite size and increase in the Debye-Waller factor, respectively [39] . Generally, in situ heating of substrates during deposition or post-deposition annealing at optimum temperature in the range of 50-80 • C is required to obtain a predominant polar phase (form I) in the vacuum-evaporated VDFO films [19] [20] [21] . In the present study, for the deposition of VDFO films, the Si substrates were kept at ambient temperatures [above the evaporation source (substrate 1 in figure 1(a) )], which strongly depend on T e . XRD patterns reveal that T e of 250 and 300 • C result in a favorable and optimum ambient temperature to obtain the predominant polar phase. At a high T e of 400 • C, the VDFO films show a disordered nature as revealed by the broad diffraction peaks (curve vi in figure 3(b) ), probably due to higher ambient growth temperatures than the required optimum temperature to crystallize the polar phase. Thus, in the present study, an inertgas atmosphere and ambient temperatures probably promote the predominance of the polar phase in the as-deposited films at T e = 250-300 • C. The surface morphology of the pure VDFO film, as shown in the FESEM image of VDFO films deposited at 300 • C, deposited on Si substrate reveals grain sizes in the range of 100 nm ( figure 3(c) ).
As already mentioned, ferroelectric polymers have a high D and a large E b . These polymers, however, attain early saturation in electric fields well below E b and have a large remanent polarization (D r ), which are disadvantages from the point of view of attaining high energy densities. It is worth noting that the relaxor polymer made of ferroelectric P(VDF-TrFE) copolymers with 7.5 mol% of reversible chlorofluoroethylene (CFE) has been observed to avoid early saturation and minimize D r to approximately zero [7] . While the predominant polar phase in VDFO films is expected to produce a large D, the minor presence of the non-polar phase in VDFO films is advantageous in avoiding early saturation and minimizing D r .
Based on the structural properties of vacuum-evaporated VDFO films, we coated the TiO 2 nanoparticles with VDFO at T e = 200 and 300 • C to fabricate dielectric TiO 2 -VDFO nanocomposite layers; the corresponding XRD patterns are shown in figure 4(a) . As previously explained, the XRD pattern of uncoated TiO 2 nanoparticles reveals the presence of the predominant rutile phase along with a weak anatase phase (curve i in figure 4(a) ). For TiO 2 -VDFO nanocomposites deposited at T e = 200 • C, the XRD pattern shows only a weak and broad diffraction peak corresponding to VDFO as compared to that of TiO 2 nanoparticles, revealing only a relatively small fraction of VDFO (curve ii in figure 4(a) ). In addition, the R (110) peak becomes sharp and the A (101) peak disappears in the TiO 2 -VDFO nanocomposite samples, indicating the stabilization of rutile phase upon VDFO coating. In the case of TiO 2 -VDFO nanocomposites prepared with T e = 300 • C (curve iii in figure 4(a) ), the diffraction peaks corresponding to (110) of the polar phase and (020) of the nonpolar phase of VDFO become intense as compared to that of TiO 2 nanoparticles, and higher angle broad diffraction peaks of the polar phase of VDFO completely dominate over the diffraction peaks corresponding to (101) and (111) of TiO 2 . XRD results show an increase in the VDFO fraction with respect to TiO 2 phase and also reveal an increase in the fraction of polar VDFO phase with respect to non-polar VDFO phase on increasing T e from 200 to 300 • C.
The relative concentrations of TiO 2 and VDFO were estimated by fitting the experimental XRD data for TiO 2 -VDFO nanocomposites at a lower angle region, as shown in figure 4(b) , using Rietveld analysis [40] . Note that this estimation only includes the crystalline phases of form I and form II and a significant fraction of non-crystalline phase seems to exist as shown by the broadness of the diffraction peaks corresponding to VDFO ( figure 4(b) ). In addition, the noisy diffraction data also introduce uncertainty in the estimation of the relative weight percentages TiO 2 and the VDFO nanoparticles. This analysis shows that TiO 2 -VDFO nanocomposites prepared at T e = 200 • C have 95 ± 2.3 wt% of R-TiO 2 phase along with a small VDFO fraction of 5 ± 2.8 wt%. The fraction of TiO 2 and VDFO increases to 60 ± 4.3 wt% and 40 ± 7.3 wt%, respectively, in the TiO 2 -VDFO nanocomposites prepared at T e = 300 • C.
The nanostructure of uncoated TiO 2 and TiO 2 -VDFO nanocomposites was investigated by FESEM, as shown in figure 5 . A FESEM image of the uncoated TiO 2 nanoparticles, as shown in figure 5(a) , reveals that nanoparticles physically touch each other. On the other hand, FESEM images of TiO 2 -VDFO nanocomposites prepared at T e = 300 • C show that TiO 2 nanoparticles are prevented from contacting each other due to the presence of VDFO coatings ( figure 5(b) ). This is important to maintain the uniform distribution of nanoparticles and control the interfacial interactions, which are highly desirable to realize the improved dielectric properties in these nanocomposites. It is worth noting that the surface morphology of TiO 2 -VDFO nanocomposites ( figure 5(b) ) is entirely different from that of pure polymer film, but similar to that of uncoated TiO 2 nanoparticles ( figure 5(a) ). The coating of VDFO is clearly evident from an increase in the particle size of TiO 2 -VDFO nanoparticles in figure 5(b) as compared to the individual TiO 2 nanoparticles in figure 5(a) .
In addition, TiO 2 -VDFO nanoparticles show comparatively wider dispersion ( figure 5(a) ) as compared to that of uncoated TiO 2 nanoparticles (figure 5(a)) and this result reveal that individual nanoparticles are coated with varying thicknesses while they were passing through the evaporation chamber. It is also worth noting that the size of the individual coated TiO 2 nanoparticles in figure 5(b) is much smaller than that of TiO 2 nanoparticle aggregates as marked by a dotted ellipse in figure 5 (a), and this result supports the isolation of individual TiO 2 nanoparticles upon VDFO coating.
As already mentioned, at T e = 300 • C, VDFO crystallizes into a predominantly polar phase and TiO 2 -VDFO nanocomposites also show a reasonable VDFO presence of 40 wt%. Thus, two types of parallel-plate capacitors were fabricated for dielectric studies using a pure VDFO layer and VDFO-coated TiO 2 nanoparticles as dielectric layers, as shown in figures 6(a) and (b), respectively. T e for the deposition of both samples was maintained at 300 • C. Note that the TiO 2 -VDFO dielectric layer is also expected to have a small fraction of voids due to the nature of the nanoparticle deposition technique [19, 26] . The frequency-dependent dielectric response and loss of the parallel-plate capacitors figure 6(c) ), due to the incorporation of high k-TiO 2 nanoparticles. These capacitors also exhibit a low dielectric loss of less than 0.1 (curves iii and iv in figure 6(c)) in the frequency range of 0.1-100 kHz, which is an important property for use in highefficiency capacitors.
Conclusions
We have deposited VDFO films using thermal evaporation and TiO 2 -VDFO nanocomposites by combining a plasmacondensation-type cluster-deposition to produce monodisperse TiO 2 nanoparticles and an in situ thermal evaporation source to coat the TiO 2 nanoparticles with VDFO. XRD studies reveal that the fraction of polar conformation in the VDFO layer can be tailored by varying the evaporation temperature of VDFO. Structural and dielectric properties of TiO 2 -VDFO nanocomposites prepared at T e = 200 and 300 • C were investigated using XRD, FESEM, and capacitance measurements. The wt% of VDFO in these nanocomposites increases from 5 to 40% upon increasing T e from 200 and 300 • C. TiO 2 -VDFO nanocomposites have an enhanced dielectric constant as compared to that of pure VDFO film, minimal dielectric dispersion, and low dielectric loss in the frequency range of 0.1-100 kHz.
